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,QWURGXFWLRQ
3HUYLRXV FRQFUHWH LV DQ LQQRYDWLYH SDYHPHQW PDWHULDO SDUWLFXODUO\ VSRQVRUHG E\ JRYHUQPHQWV EHFDXVH RI LWV
HQYLURQPHQWDODVSHFWVWKDWDUHSDUWLFXODUO\IDYRXUDEOHLQXUEDQDUHDV3HUYLRXVFRQFUHWHSDYHPHQWLVGHILQHGDVD%HVW
0DQDJHPHQW3UDFWLFHE\ WKH86(QYLURQPHQWDO3URWHFWLRQ$JHQF\¶V(3$IRUSROOXWLRQFRQWURODQGVWRUPZDWHU
PDQDJHPHQW)RULWVHQYLURQPHQWIULHQGO\SURSHUWLHVSHUYLRXVFRQFUHWHSDYHPHQWDLGVLQTXDOLI\LQJIRU/(('FUHGLWV
/HDGHUVKLSLQ(QHUJ\DQG(QYLURQPHQWDO'HVLJQE\WKH86*UHHQ%XLOGLQJ&RXQFLO7KHLPSHUYLRXVXUEDQEXLOW
HQYLURQPHQWLQIDFWEHQHILWVZLWKWKHXVHRISHUYLRXVFRQFUHWHIRUSDYLQJURDGVDVLWDOORZVWKHQDWXUDOWUDQVSLUDWLRQ
RI WKH VRLO WKH UHFKDUJHRI WKHJURXQGZDWHUZLWK WKHFRQVHTXHQWEHQHILWV IRU WKHZDWHUEDVLQVDQG WKHJURZWKRI
YHJHWDWLRQDQGWUHHV7KHHYDSR±WUDQVSLUDWLRQDQGWKHFOHDUFRORXURIWKHPDWHULDODOORZVWRORZHUWKHSDYHPHQWVXUIDFH
WHPSHUDWXUH DQG WKH SDYHPHQW KHDWFDSDFLW\ OHDGLQJ WR D UHGXFWLRQ RI WKH KHDW LVODQG HIIHFW >@ ,Q WKH XUEDQ
HQYLURQPHQWDQRWKHULPSRUWDQWOLIHTXDOLW\DVSHFWLVQRLVHUHGXFWLRQWKXVDIDYRXUDEOHDVSHFWRISHUYLRXVFRQFUHWHLV
WKHFDSDELOLW\WRDEVRUEWKHWLUH±SDYHPHQWQRLVH>@$VUHJDUGWKHTXDOLW\RIZDWHUDQGDLULWLVSURYHGWKDWWKHXVH
RISHUYLRXVFRQFUHWHFDQUHGXFHWUDIILFSROOXWDQW,QIDFWSHUYLRXVFRQFUHWHSRURXVVWUXFWXUHUHWDLQVSDUWRIWKHXUEDQ
VROLGSROOXWDQW DV]LQFDQGFRSSHU LQ LWVSRURXVPDWUL[>@0RUHRYHUSKRWRFDWDOLWLFFDSDFLW\FDQEHSURYLGHG WR
SHUYLRXVFRQFUHWHE\LQWURGXFLQJDSKRWRFDWDOLVWDJHQWLQVLGHWKHFHPHQWPDWUL[LQRUGHUWRDGVRUE12[DQGYRODWLOH
RUJDQLFFRPSRXQGV92&VZLWKDFRQVHTXHQWRYHUDOOLPSURYHPHQWRIWKHXUEDQDLUTXDOLW\>@7KHXVHRISHUYLRXV
FRQFUHWHLQFUHDVHVVDIHW\EHFDXVHLWSUHYHQWVZDWHUIURPIRUPLQJSXGGOHVDYRLGLQJQLJKWJOLVWHQLQJDTXDSODQLQJDQG
VSODVK	VSUD\SUREOHPV)XUWKHUPRUHWKHXVHRISHUYLRXVFRQFUHWHSURGXFHVHFRQRPLFDGYDQWDJHVE\UHGXFLQJWKH
QHHGRIGUDLQDJHLQIUDVWUXFWXUHVDQGXUEDQOLJKWQLQJUHTXLUHPHQWVWKDQNVWRLWVFOHDUVXUIDFH
+RZHYHU WKLV UHFRPPHQGHG DQG LQQRYDWLYHPDWHULDO LV VWLOO ODFNLQJ RI ULJRURXV VWDQGDUGV IRU IDEULFDWLRQ DQG
FRQVWUXFWLRQ)HZLQWHUQDWLRQDOVWDQGDUGVKDYHEHHQSXEOLVKHGIRUHYDOXDWLQJWKHSURSHUWLHVRILQVLWXDQGODERUDWRU\
PDGHSHUYLRXVFRQFUHWHEHVLGHOLWWOHUHFRPPHQGDWLRQVDUHSURYLGHGIRUOD\LQJDQGFRPSDFWLRQSURFHGXUHV7KHPDLQ
DSSOLFDWLRQV RI SHUYLRXV FRQFUHWH DUH FXUUHQWO\ OLPLWHG WR ORZ RU QRWUDIILF DUHDV DV WKH PDWHULDO SUHVHQWV VRPH
ZHDNQHVVHVLQWHUPVRIGXUDELOLW\DQGUHVLVWDQFHWRUDYHOOLQJHVSHFLDOO\ZKHUHKLJKVXUIDFHIULFWLRQVWUHVVHVDUHDSSOLHG
$WSUHVHQWVHYHUDOVWXGLHVDUHJRLQJRQDOORYHUWKHZRUOGWRHQKDQFHWKHPHFKDQLFDOSURSHUWLHVRISHUYLRXVFRQFUHWH
ZLWKRXWDQH[FHVVLYHUHGXFWLRQRISHUPHDELOLW\7KHSUHVHQWZRUNDLPVWRHYDOXDWHWKHHIIHFWVRIGLIIHUHQWDGPL[WXUHV
RQSHUYLRXVFRQFUHWHSHUIRUPDQFHV LQRUGHU WRDFKLHYH WKHRSWLPDOEDODQFHEHWZHHQVWUHQJWKDQGSHUPHDELOLW\ IRU
GLIIHUHQWXUEDQDSSOLFDWLRQV
0DWHULDODQG0HWKRGV
3HUYLRXV FRQFUHWH LV FRPSRVHGE\ DQRSHQJUDGHG DJJUHJDWH FXUYHZLWK IHZRU QR ILQHV WKDW FUHDWHV D SRURXV
FRQFUHWHPDWUL[ZLWKJUHDWSHUPHDELOLW\SURSHUWLHV7KHW\SLFDOYRLGUDQJHLVEHWZHHQDQG>@7KHGHQVH
FHPHQW SDVWH LV FKDUDFWHUL]HG E\ ORZ ZDWHUFHPHQW UDWLRV WKDW XVXDOO\ UDQJHV EHWZHHQ  ZKLOH WKH
FHPHQWDJJUHJDWHUDWLRLVXVXDOO\>@
,QWKLVUHVHDUFKWKUHHFRQWUROPL[HV³DEDQGF´FKDUDFWHUL]HGE\GLIIHUHQWZFUDWLRVZF DQG
ZHUHFRQVLGHUHGUHIHUULQJWRSUHYLRXVLQYHVWLJDWLRQV>@7KHFRQWUROPL[HVKDGWKHVDPHDJJUHJDWHGLVWULEXWLRQFXUYH
FRPSRVHGRIDJJUHJDWHVEHWZHHQPPDQGRIPPDJJUHJDWHVL]H$&(0,,5$//3RUWODQG
OLPHVWRQHFHPHQWZDVVHOHFWHGIRUWKLVVWXG\DFFRUGLQJWR(1$QDLUHQWHULQJDJHQWDVXSHUSODVWLFL]HUDQGD
YLVFRVLW\PRGLILHUZHUHDGGHGWRWKHPL[HV)LYHW\SHRIILEUHVZHUHDGGHGWRWKHFRQWUROPL[HVDQGWZRGLIIHUHQW
SHUFHQWDJHVRIILQHVDQG

2.1. Specimen preparation 
7KHPL[HVZHUHPDGHLQODERUDWRU\XVLQJDFRPPRQPHFKDQLFDOPL[LQJGUXP7KHUHDG\PL[HGSHUYLRXVFRQFUHWH
ZDVLPPHGLDWHO\FRPSDFWHGXVLQJD0DUVKDOOFRPSDFWRUDSSDUDWXVDFFRUGLQJWRWKHVWDQGDUG(17KHUHDUH
VWLOO QR FRPSDFWLRQ VWDQGDUGV IRU SHUYLRXV FRQFUHWH EXW ODE WDPSLQJ FRPSDFWLRQ ZDV SURYHG WR EH VDWLVIDFWRU\
UHSUHVHQWDWLYHRIWKHLQVLWXFRPSDFWLRQ>@'LIIHUHQWFRPSDFWLRQHQHUJLHVZHUHDSSOLHGLQRUGHUWRHYDOXDWHWKHHIIHFW
RIFRPSDFWLRQRQWKHPHFKDQLFDODQGIXQFWLRQDOSURSHUWLHVRIWKHPDWHULDO6SHFLPHQVZHUHFRPSDFWHGDSSO\LQJ
DQG0DUVKDOOFRPSDFWRUEORZVDFFRUGLQJWRWKHUHVXOWVRISUHYLRXVLQYHVWLJDWLRQV>@PPGLDPHWHUDQG
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DURXQGPPKHLJKWF\OLQGULFDO VSHFLPHQVZHUHEXLOW IRU WKH ODERUDWRU\ WHVWV6SHFLPHQFXUHGVHYHQGD\VXQGHU
FRQWUROOHGKXPLGLW\DQGWHPSHUDWXUHFRQGLWLRQV

2.1.1. Addition of fibres 
3UHYLRXVVWXGLHVGHPRQVWUDWHGWKHHIIHFWLYHQHVVRIWKHDGGLWLRQRIILEUHVIRUWKHHQKDQFHPHQWRIWKHPHFKDQLFDO
SHUIRUPDQFHVRISHUYLRXVFRQFUHWH>@)LYHGLIIHUHQWW\SHVRIILEUHV)LJZHUHDGGHGWRWKHFRQWUROPL[HV7KH
ILEUHVZHUHVHOHFWHGUHIHUULQJWRSUHYLRXVVWXGLHV>@YDU\LQJLQJHRPHWULFDOSK\VLFDODQGFKHPLFDOSURSHUWLHV,Q
SDUWLFXODU LQ WKHSUHVHQW VWXG\ZHUHFRQVLGHUHGSRO\SURS\OHQH ILEUHV ) OHQJWKPPSRO\ROHILQ ILEUHV )
OHQJWK PP SRO\SURS\OHQHSRO\HWK\OHQH ILEUHV ) OHQJWK PP DQG ) OHQJWK PP DQG KLJKWHQDFLW\
SRO\SURS\OHQHILEUHV)OHQJWKPP
7KH ILEUHV ZLWK VWUXFWXUDO IXQFWLRQ ) DQG ) FRPSRVHG E\ DPRQRILODPHQW UHVSHFWLYHO\ RI SRO\ROHILQ DQG
SRO\SURS\OHQHSRO\PHUVZHUHVXSSRVHGWRPHFKDQLFDOO\FRQWULEXWHDIWHUILVVXULQJZKLOHQRQVWUXFWXUDOILEUHVZHUH
IDEULFDWHG ZLWK WKH SXUSRVH RI UHGXFLQJ SODVWLF VKULQNDJH LQ FRQFUHWH $PRQJ WKHP ) ZDV FKDUDFWHUL]HG E\ D
ILEULOODWHGVWUXFWXUHZKLOH)DQG)KDGGLIIHUHQWOHQJWKPRQRILODPHQWVWUXFWXUH


)LJ7KHILYHW\SHVRIILEUHVVWXGLHG))LEULOODWHGSRO\SURS\OHQHILEUHV)SRO\ROHILQILEHUV)DQG)PRQRILODPHQW
SRO\SURS\OHQHSRO\HWK\OHQHILEUHV)KLJKWHQDFLW\SRO\SURS\OHQHILEUHV


2.1.2. Addition of sand 
7KHRSHQJUDGHGJUDQXODUFXUYHRISHUYLRXVFRQFUHWHWUDGLWLRQDOO\GLGQRWFRQWDLQDJJUHJDWHVVPDOOHUWKDQPP
+RZHYHUVWXGLHVGHPRQVWUDWHGWKDWDVPDOODPRXQWRIVDQGEHWZHHQDQGZLWKDVSHFLILFILQHQHVVPRGXOXV
FDQVLJQLILFDQWO\HQKDQFHVWUHQJWKUDYHOOLQJUHVLVWDQFHDQGGXUDELOLW\RISHUYLRXVFRQFUHWH>@,QWKLVUHVHDUFK
WZRSHUFHQWDJHVRIVDQGZHUHDGGHGWRWKHFRQWUROPL[HVDQGLQVXEVWLWXWLRQRIWKHSURSRUWLRQHGDJJUHJDWH
ZHLJKW$OOWKHWHVWHGPL[HVDUHUHVXPHGLQ7DEOH

2.3. Laboratory tests 
7KHSUHVHQWUHVHDUFKFRQVLVWHGLQDZLVHODERUDWRU\LQYHVWLJDWLRQIRUPDWHULDOSURSHUW\GHILQLWLRQ7KHUHVLVWDQFHWR
WUDIILFORDGVZDVDQDO\VHGLQWHUPVRIXOWLPDWHVWUHQJWKDQGUHVLVWDQFHWRUDYHOOLQJ+HQFHLQGLUHFWWHQVLOHVWUHQJWK
,76DFFRUGLQJWRWKHVWDQGDUG(1VWLIIQHVVPRGXOXV(UHIHUULQJWR(1$11(;)DQGWKH
&DQWDEURUHVLVWDQFH&,DFFRUGLQJ WR81,(1ZHUHPHDVXUHG$PRQJWKHIXQFWLRQDOSURSHUWLHVZHUH
FRQVLGHUHGYRLGFRQWHQW 9&DFFRUGLQJ WR$670'0±DQGGUDLQDELOLW\ N IROORZLQJ WKH VWDQGDUG(1
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$OO WKH WHVWVZHUHFRQGXFWHGDW WKH WHPSHUDWXUHRI&6WLIIQHVVPRGXOXVZDVPHDVXUHGDVVXPLQJD
PRGXOXVRI3RLVVRQRIZLWKD+]IUHTXHQF\RIORDGDSSOLFDWLRQDQGDFRQVWDQWVWUDLQRIP
7DEOH7KHLQYHVWLJDWLRQPDWUL[ZLWKDOOWKHFRQVLGHUHGPL[HVDQGWKHLUFRGH
&21752/
0,;7<3(
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
)LJ'UDLQDELOLW\,76JUDSKZKHUHWKHRSWLPDOPL[WXUHVDQGWKHSHUIRUPDQFHUHTXLUHPHQWVZHUHGHILQHGIRUGLIIHUHQWXUEDQXVHVRISHUYLRXV
FRQFUHWHD,76!03DE,76!03DDQGN!PPVF,76!03DDQGN!PPVDQGGN!PPV

7KHPL[HVZHUHWHVWHGLQWHUPVRIPHFKDQLFDODQGIXQFWLRQDOSURSHUWLHVDQGWKHHIIHFWVRIWKHDGGLWLRQRIVDQGDQG
ILEUHVZHUHHYDOXDWHG&DQWDEURUHVLVWDQFH,76YRLGFRQWHQWDQGGUDLQDELOLW\FRQVWLWXWHGDFFHSWDELOLW\SDUDPHWHUV
RQO\&,,76!03D9&!DQGN!PPVPL[WXUHVZHUHUHSXWHGHOLJLEOHIRUDSSOLFDWLRQVDQGZHUH
FRQVLGHUHGLQIXUWKHUDQDO\VLV,QWKHJUDSKVKRZQLQ)LJHDFKSRLQWDYHUDJHYDOXHRIDWOHDVWWKUHHVSHFLPHQV
UHSUHVHQWHG D VSHFLILF PL[ ZLWK D SDUWLFXODU FRPSDFWLRQ HQHUJ\ WKDW DFFRPSOLVKHG WKH DFFHSWDELOLW\ OLPLWDWLRQV
0RUHRYHUFRQVLGHULQJGLIIHUHQW OHYHOVRI WUDIILF ORDG IRXUGLIIHUHQWSRVVLEOHDSSOLFDWLRQVRISHUYLRXVFRQFUHWHIRU
XUEDQSDYHPHQWVZHUHVWXGLHGPLGWUDIILFYROXPHXUEDQURDGVORZWUDIILFYROXPHXUEDQURDGVDQGSDUNLQJORWVELNH
SDWKVDQGSHGHVWULDQDUHDV
7KHUHTXLUHPHQWVLQWHUPVRI,76DQGGUDLQDELOLW\IRUGLIIHUHQWXVHVLQXUEDQDUHDVZHUHGHILQHGDQGWKHPL[HV
WKDWDFKLHYHGWKHRSWLPDOVWUHQJWKGUDLQDELOLW\EDODQFHZHUHKLJKOLJKWHGIRUHYHU\DSSOLFDWLRQSXUSRVH
7KH H[SHULPHQWDO DQDO\VLV DOORZHG WR ILQG IRU WKH GLIIHUHQW DSSOLFDWLRQV RI SHUYLRXV FRQFUHWH LQ XUEDQ DUHDV WKH
RSWLPDOPL[GHVLJQDQGWKHUHTXLUHGFRPSDFWLRQHQHUJLHVDVUHSRUWHGLQ7DEOH
7KHDGGLWLRQRIILEUHW\SH)RUWKHDGGLWLRQRIRIVDQGDOORZHGWKHPL[HVWRDFKLHYHVDWLVIDFWRU\VWUHQJWKIRU
PLGWUDIILFYROXPHXUEDQURDGVDVVKRZQLQ7DEOHDLIVXIILFLHQWFRPSDFWLRQHQHUJ\ZDVDSSOLHGJHQHUDOO\PRUH
WKDQ0DUVKDOO FRPSDFWLRQEORZV ,Q OLJKW WUDIILF URDGV DV VXPPDUL]HG LQ7DEOHF DQGG WKH HFRORJLFDO
DVSHFWVZHUHPRUHLPSRUWDQWWKDQPHFKDQLFDOSURSHUWLHV&RQVHTXHQWO\WRHQKDQFHGUDLQDELOLW\OLJKWHUFRPSDFWLRQ
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ZDVVXJJHVWHGDQGILEUHW\SH)ZDVJHQHUDOO\SUHIHUDEOHZLWKUHVSHFWWR)DVZHOODVORZHUVDQGFRQWHQW,QJHQHUDO
KLJKHU ZF UDWLR PL[HV UHVXOWHG PRUH DGHTXDWH WR UHDFK KLJKHU UHVLVWDQFHV DQG EHWWHU EHQHILWHG IURP DGPL[WXUH
DGGLWLRQV
7DEOH(QXPHUDWLRQRIWKHVWXGLHGPL[HVWKDWUHVXOWHGDGHTXDWHIRUWKHGLIIHUHQWXUEDQXVHVDQGODERUDWRU\UHVXOWVRIWKHPHFKDQLFDO
DQGIXQFWLRQDOFKDUDFWHULVWLFV
D E

F G

&RQFOXVLRQV
7KH ODERUDWRU\ LQYHVWLJDWLRQ RQ GLIIHUHQWO\PL[GHVLJQHG DQG FRPSDFWHG SHUYLRXV FRQFUHWHV VKRZHG WKDW LW LV
SRVVLEOHWRHQKDQFHWKHPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDOE\DGGLQJDSSURSULDWHILEUHVDQGRUDGHTXDWHSHUFHQWDJHV
RIVDQG7KHW\SHRIILEUHVRUWKHSHUFHQWDJHRIVDQGQHHGVWREHFDOLEUDWHGGHSHQGLQJRQWKHZFUDWLRRIWKHPL[HV
IRUUHDFKLQJWKHPRVWIDYRXUDEOHHIIHFWV,QSDUWLFXODUWKHLQWURGXFWLRQRIPRQRILODPHQWSRO\SURS\OHQHSRO\HWK\OHQH
ILEUHVWRPL[HVZLWKZFUDWLRHTXDOWRDQGDOORZVWRDFKLHYHWKHJUHDWHUYDOXHVRI,76,76!03DDIWHU
GD\VWKHUHVXOWVDUHFRPSDUDEOHWRWKHHIIHFWRIVDQGDGGLWLRQ)XUWKHUPRUHVDQGDGGLWLRQLVWKHPRVW
HIIHFWLYHIRUHQKDQFLQJUDYHOOLQJUHVLVWDQFH&RQYHUVHO\WKHDGGLWLRQRIILEUHVDQGVDQGJHQHUDOO\OHDGVWRGUDLQDELOLW\
UHGXFWLRQGXHWRWKHLQFUHDVHRISDVWHYROXPHWKDWUHGXFHVWKHYRLGVRIWKHPDWUL[)RUWKHVHUHDVRQVWKHGHVLJQRI
SHUYLRXVFRQFUHWHLVVWULFWO\UHODWHGWRWKHILQDOXVHWKHW\SHRIWUDIILFORDGVWKDWDUHDSSOLHGWRWKHSDYHPHQWDQGWKH
HFRORJLFDO QHHGV RI WKH HQYLURQPHQW ,W GRHV QRW H[LVW DQ RSWLPDO PL[ LQ DEVROXWH WHUPV DQG GHVLJQ KDV WR EH
FRPSUHKHQVLYH RI D VWXG\RQ FRPSDFWLRQ HQHUJ\$ ILHOG VWXG\ IRU WKHGHILQLWLRQRI WKH FRUUHVSRQGHQFHEHWZHHQ
ODERUDWRU\DQGLQVLWXFRPSDFWLRQLVVXJJHVWHGIRUIXWXUHGHYHORSPHQWVRIWKLVUHVHDUFK
$FNQRZOHGJHPHQWV
7KLV UHVHDUFK ZDV FRQGXFWHG ZLWK WKH VXSSRUW RI WKH 6XVWDLQ7 3URMHFW ³7HFKQRORJLHV IRU 6XVWDLQDEOH
'HYHORSPHQW´RI(UDVPXV0XQGXV3URJUDPPHDQG3ROLWHFQLFRGL0LODQR7KHDXWKRUVDUHJUDWHIXOWR3URI0DXUL]LR
&ULVSLQRDQG'U)LOLSSR*LXVWR]]LIURP3ROLWHFQLFRGL0LODQRIRUWKHLUYDOXDEOHVXSSRUW
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